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Self-assembled quantum dots can be grown with high structural quality and relatively high homogeneity by molecular-beam epitaxy ͑MBE͒. The unique optical and electrical properties of such quantum dots stimulated intense research activities, and optoelectronic devices such as quantum-dot lasers, 1 optical memory structure, [2] [3] [4] and lateral intersubband detectors 5, 6 have been demonstrated. In III-V material systems, electrical spectroscopy techniques such as capacitance-voltage (C -V), admittance, or deep-level transient spectroscopy ͑DLTS͒ have been applied in order to investigate the electronic properties of quantum dots, [7] [8] [9] whereas only little work has been carried out to investigate the electrical properties of Ge dots in Si. Zhang et al. studied small Ge hut clusters in Si and showed by admittance spectroscopy that the activation energies are discrete for such dots, 10 whereas the work of Schmalz et al. focuses on DLTS measurements on large Ge islands. 11 In this work, we present the results of a detailed C -V and admittance spectroscopy study on medium-size Ge islands embedded in Si Schottky diodes. We show that the activation energies obtained from admittance measurements increase linearly with the applied bias and conclude that these islands on the average have a low, continuous, density of states. This result is sustained by C -V measurements.
All investigated samples are grown by solid-source MBE at a substrate temperature of Tϭ550°C and Schottky diodes were processed on them for the measurements. On the highly p-doped ͑100͒ substrate, a Si buffer layer of 120 nm thickness with a boron doping of pϭ1ϫ10 16 cm Ϫ2 was deposited. Afterwards, 8.5 ML of Ge were grown to form the islands. The sample was finally capped with 480 nm of Si with a doping concentration of pϭ1ϫ10 16 cm
Ϫ2
. A highresolution transmission electron microscopy study reveals a typical island diameter of about 70 nm and an island height of 6.5 nm. The island density is about 4.5ϫ10 9 cm Ϫ2 , as obtained from atomic-force microscopy measurements on a reference sample grown under the same growth conditions but without a cap layer. A schematic of the band structure of the island sample is shown in Fig. 1 . The Fermi level within the sample is pinned by the high substrate doping and the islands are filled with holes at 0 V bias. When a reverse-bias voltage is applied to the sample, the islands can be sequentially discharged.
Two other samples were grown to serve as references for the electrical measurements. In the first one, the Ge island layer was replaced by pure Si. The second reference sample contains a 6-nm-thick Si 0.7 Ge 0.3 quantum well instead of the island layer and serves as a real two-dimensional system. After the growth, mesas were etched down to the substrate using standard optical lithography and wet-chemical etching.
To form the Ohmic back contact, TiPtAu was evaporated onto the sample backsides and alloyed. The front contact was made using TiAu, which was not alloyed in order to obtain good Schottky contacts. The contact size of the front contacts is 600ϫ600 m 2 . For the electrical measurements, the samples were mounted in a temperature-variable liquid-N 2 cryostat equipped with a proportional-integral-derivative temperature controller with a resolution better than 0.5 K. The sample capacitance and conductance were measured using a HP 4284 A LCR meter. An external dc bias can be applied to the sample via an external constant-voltage source.
In Fig. 2͑a͒ , C -V traces of the island sample and the reference sample without Ge are plotted for a measurement frequency of f ϭ50 kHz. The capacitance of the reference sample decreases like 1/ͱV, as expected for a simple Schottky diode. In the island sample, a plateau is observed for bias voltages between about 1 and 4 V, which directly relates to the islands. As a consequence, the capacitance remains about constant until all charge is removed from the islands. At a bias of 4 V, the depletion region starts to extend further into the matrix material ͑Si͒ and the sample capacitance becomes finally identical to that of the reference sample. By integrating the C -V curve in the plateau region, a rough estimate of the amount of charge that can be stored in the islands can be obtained. For the above-mentioned island area density we obtain about 55 holes per island. Using the relation
, a carrier concentration profile can be calculated from the C -V trace. The concentration profile of the island sample is shown in the inset in Fig. 2 . It shows an enhanced carrier concentration in the region where the plateau occurs in the C -V plot with a slight slope towards higher bias. We interpret this plateau as the fingerprint of a low, continuous, density of states of the ensemble of Ge islands. In order to further study the level scheme in the valence band of our islands, admittance measurements were performed. 10, 12, 13 In these measurements, the ac conductance of the sample is measured as a function of temperature for a fixed external bias. The equivalent circuit of a Schottky diode containing an island layer or a quantum well consists of a parallel circuit of the conductance G P and the capacitance C P of the island layer or quantum well in series with the capacitance C S of the Schottky barrier. 12 For a given measurement frequency , a maximum occurs in the conductance measurement when the condition G P (T Max )Ϸ(C S ϩC P ) is fulfilled. In the following, we will discuss the admittance results of the quantum-well sample and compare them to that of the island sample. According to a selfconsistent band-structure calculation, the 6-nm-thick Si 0.7 Ge 0.3 quantum well has two confined states, a heavyhole state with a localization energy of 197 meV and a lighthole state with 128 meV. In Fig. 3͑a͒ , conductance spectra of the quantum-well sample under different bias conditions are plotted for a measurement frequency of f ϭ600 kHz. The height of the conductance peaks decreases significantly as a function of reverse-bias voltage, but the conductance maximum always occurs at the same temperature for this twodimensional system. The constant peak position indicates a nearly constant Fermi energy and an effective screening of the electric field by the accumulated charge. The C -V measurements taken on the quantum-well sample ͑not shown͒ sustain this since the obtained plateau reaches more than 10 V bias voltage. For each investigated bias voltage, conductance spectra have been taken for ten measurement frequencies ranging from 50 kHz up to 1 MHz. The activation energies of the sample can be obtained from this frequency variation by plotting /T Max vs 1/kT Max . 10 In the inset of Fig. 3͑a͒ , the activation energies of the quantum-well sample are plotted. These activation energies are about constant at 127 meV up to 6 V and agree quite well with the activation energy for the light-hole state obtained from the calculation. For higher reverse-bias voltages, where only the heavy-hole state should be charged, the increasing leakage current of the diodes inhibits accurate conductance measurements. The conductance measurements of the island sample give a significantly different picture. With increasing reverse bias, the height of the conductance peaks decreases, as in the quantum-well sample, but the position of the peak maximum shifts strongly towards higher temperatures ͓Fig. 3͑b͔͒. For a bias voltage of 4.6 V, the peak has completely vanished and no longer is any island-related conductance signal observed. This is consistent with the observation from the C -V measurements that the islands are completely depleted at this 3 . ͑a͒ Admittance spectra of the 6 nm Si 0.7 Ge 0.3 quantum-well sample for a measuring frequency of 600 kHz at different bias conditions. Inset: activation energies for the quantum-well sample. ͑b͒ Admittance spectra of the island sample taken at a measuring frequency of 300 kHz. Inset: Arrhenius plots obtained from the admittance spectra. bias voltage. In the inset of Fig. 3͑b͒ a set of Arrhenius plots for the island sample is shown. The linear correlation coefficients of all fits are better than 0.9997.
In Fig. 4 the activation energies obtained for the island sample are plotted as a function of bias. For small reversebias voltages, the activation energy is constant at about 150 meV, similar to the result of the quantum well. The observed activation energy reasonably agrees with the photoluminescence shift of the Ge wetting layer in similar island structures. We, therefore, attribute this plateau to arising from emission out of the two-dimensional wetting layer. The origin of the two plateaus between 1.5 and 2.5 V bias may possibly arise from weakly bound island states. For bias voltages larger than 2.5 V, the activation energy linearly increases up to a value of about 355 meV at 4.5 V bias. We attribute this energy to the ground states of the islands since the conductance signal vanishes for higher bias voltages. This interpretation is sustained by photoluminescence and intravalence-band photocurrent measurements performed on islands grown under identical growth conditions where a comparable ground-state localization energy was obtained. 14 In the bias range where the linear increase in the activation energy occurs, the behavior of the sample is different from that of a quantum well ͑two-dimensional system͒. We interpret this linear increase as follows: In the experiment, about 1.6ϫ10 6 islands are probed. We estimate a heavyhole-level separation of about 12 meV for a Ge island of the given size using a simple model of parabolic lateral confinement with a potential height of 355 meV and the heavy-hole mass m*ϭ0.28m 0 of bulk Ge. The Coulomb energy of an N-fold charged disk-shaped quantum dot with the diameter d can be estimated by the following formula. For islands with a lateral size of dϭ70 nm, the Coulomb energy is about 5 meV. Assuming a degeneracy of 2m for the mth island level, we obtain a density of states of roughly 290/eV corresponding to 1.3ϫ10 12 /eV cm 2 . This value agrees well with the integrated charge of 55 holes per island deduced from the C -V results. It is about two orders of magnitude less than the density of states calculated for a two-dimensional system with one confined heavy-hole subband. The low density of states tentatively causes the strong charge depletion and shift with bias voltage observed in the island structure compared to the quantum-well sample.
In summary, we have investigated Ge islands using electrical spectroscopy. From the C -V measurements, we conclude that the density of states of our Ge islands is constant due to averaging over an inhomogeneous ensemble of island levels. The results from admittance spectroscopy support this assumption since a linear increase is observed in the activation energies. Such a peculiar density of states for islands could perhaps serve to design quantum-dot devices as, for example, lateral photodetectors where the absorption wavelength can be continuously tuned by a vertical gate.
